Abstract
Introduction
Axial flow compressors are the key component of turbine-based aeroengines. The engine performance could be adversely affected by rotating stall and surge, which are unsteady aerodynamic instabilities known to be induced by nonlinear bifurcation of operating points [l3] . Feedback control has been developed (see [6, 3 , 5 , 8 , 9 , 15, 161) to suppress the rotating stall and surge in order to extend the stable operating range, to enlarge domains of attraction of stable equilibria, and to improve engine performance. However, how robust those control design could be still remains to be unclear. In general, a control engineer wishes to know how robust the controller that he/she developed would be so that one knows a priori how much uncertainty could be tolerated by such a controller. Indeed, the robustness of a controller is very important since any system will be, more or less, subject to uncertainty, either from modeling process itself or from external disturbances.
In [7] , a method is developed to derive the local robustness of a class of stabilizing control for nonlinear systems with stationary bifurcations by characterizing 8, 161 , where throttle position is employed as actuator, and pressure rise or disturbance flow as output measurement. For uncertainty concern, we consider smooth static perturbations on both pressure rise and flow rate. However, these static model uncertainties are not assumed to affect the linearized stall mode since the rotating stall is actually an isolated limit cycle[l4, 131. We shall also prove that the nonlinear feedback controller proposed separately in [SI is equivalent to some linear state feedback controller. Hence, this nonlinear control does not behavior more robustly than linear controllers. This paper is organized as follows: in Section 2, we state some results from [7] ; then in Section 3, we present the main results and the conclusion can be found in Section 4. 
Local Robustness of Stabilizing Control for Transcritical Bifurcation
In this section, we state a theorem from (71 for the local robustness of a class of stabilizing control for nonlinear systems with the stationary transcritical bifurcation.
Consider the following nonlinear control system with model disturbance:
where -y is a scalar parameter, U is a scalar control, 20 is a scalar disturbance signal and
We introduce some matrices and constants:
Let T and T' [ 11) be given as nonsingular matrices such that are all smooth functions with f ( 7 , O ) = 0. The autonomous system is assumed to satisfy the following assumption (S):
T L~T -~
(critical mode) X(7) satisfying:
pLAT'-1=
while all other eigenvalues are stable in a neighborhood of y = 0.
Let el and T I be the left row and right column eigenvectors of LL corresponding to the critical eigenvalue and e'r' = 1. Then, 1 ' = f? and r' can be calculated a~: 2. The critical mode of L (0) is not linearly controllable by U and is not linearly affected by w , i.e.,
where
T O derive the robustness result, we need the Taylor series expansion of the system (1):
Let ti be the ith element of e, and ,-TQokr be the &J, controllers U = Kz can be synthesized [8] . Substituting U = K x into the system, we get:
where f'(y,z) = f ( 7 ,~) + g ( z ) K z , f'(r,O) = 0. In this case the Taylor series expansion becomes:
The admissible uncertainty
x, XI+. a are characterized in the next theorem [7] . Consider the rotating stall control problem for an axial compressor system [4, 6, 8, 12, 161 . Based on the Moore-Greitzer model [14, 131 , stabilizing controllers were obtained in [6, 12, 16] . In this section, the theorem stated in Section 2 is applied to deriving the robustness of rotating stall control.
Mathematical Model of Axial Compressors
The post-stall model developed by Moore and Greitzer[l4, 131 is in the following form:
P2
where &(a) = CO + clQ) + c3@', @ is the average flow rate, Q the pressure rise, R the amplitude square of the disturbance flow, y the throttle position and U the actuating signal implemented with throttle, which are all non-dimensionalized. U and 0 are design constants.
An obvious equilibrium (9,, a,, Re) for U = 0 satisfies It can be shown that there exists > 0 such that the above equilibrium is stable for y > yc, but unstable for y < yc [13] . Denote Thus the equilibrium in (9) is the local zero solution for U = 0, and both 9 e and 9, are functions of 7.
Moreover the linearized system at the origin possesses exactly one zero eigenvalue at 7 = yc. The equilibrium in (9) and yc can be found as (see [12, A nonlinear controller is also obtained in [6] :
U, = knwith 9-9, dT
Robustness of Rotating Stall Control
We shall present the robustness result of these rotating stall controllers. We assume that the uncertainty perturbations are added into both pressure rise and flow rate equations: R ( l -a 2 -R ) . (12) , let the stabilizing control be The following comments can be made on our results about robust rotating stall control:
This
1. Only linear terms in the Taylor series expansion of w are shown in the characterization of w so higher order terms will not change the controI result.
2.
The significance of the approach described in this paper is that it can be applied to selecting a rcbust rotating stall control from the existing stabilizing controllers. For example, in Corollary 3.2, of the central controller and in Corollary 3. 4 we obtain the robustness of the controller U = 0.5R. Since the second inequality is exactly same and for the first and third inequalities we have clearly, the controller in Corollary 3.4 is more robust than the one in Corollary 3.2 so it is a better choice. 4 
Conclusion
In this paper, we have derived the robustness of two rotating stall controllers based on the Moore-Greitzer model of axial flow compressors. We have also shown that nonlinear controllers are equivalent to h e a r controllers., The characterization of uncertainty w admissible by the stabilizing controllers is in the form of inequalities that involve only the linear terms in the Taylor series expansion of w. Therefore the higher order terms do not affect the stabilizing control result. The significance of the robustness result presented in this paper is that it can be applied to computing a 'robust rotating stall control' from the stabilizing controllers. This is extremely important for practical compressor control design since it is very difficult to conduct a computable direct robust rotating stall control design.
